Abstract-This paper presents a trade-off study examining the impacts of modifying resonant frequency and coil current density on coil power density for a 100 kW electric vehicle charging system. We find that power density can be increased significantly by moving to higher operating frequency and current density with marginal impact to overall coil-to-coil transfer efficiency. A detailed prototype model of a 150 kVA rated coil set is presented along with loss estimates from magnetic field simulations and initial test results up to 50 kW.
I. INTRODUCTION
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understand which design variables limit coil power density at higher power levels to focus future research directions.
Most investigation of the design and optimization of IPT coils come in a few flavors, with those intended for light duty vehicles falling well below 100 kW. Many studies are for systems targeting power levels described in [2] , ranging from 3.3 kW to 22 kW. For examples see [3] , [4] . One recent study was published comparing rectangular and DD coils for a 50 kW public transportation charging application [5] , [6] . A complementary approach to XFC that also aims to extend the range of electric vehicles per minute of stationary charge time is dynamic wireless power transfer. Several studies have investigated dynamic wireless power transfer systems for light-duty vehicles with power levels between 5 kW and 15 kW [7] - [9] . Other high-power systems have been investigated in the context of heavy-duty vehicles, including many track-based systems such as a 100 kW system for buses [10] and 1 MW system for trains [11] . These platforms have less stringent space restrictions than light-duty vehicles.
This paper presents a trade-off study for the design of a 100kW wireless power transfer system for light duty stationary EV charging. Our aim is to develop coil systems with a slim profile and small footprint. We examine the effects of increasing operating frequency from 22 kHz to 85 kHz and increasing operating coil current density from a nominal value of 2.4 A/mm 2 to 4.8 A/mm 2 on coil power density and efficiency. We find that power density may be increased around 2.5x without adversely effecting efficiency under certain design constraints. Finally, a detailed model of a 100 kW coil system with a nominal 150 kVA rating is presented. We provide initial bench-top validation of the prototype coil through measurement of the self-and mutualinductance, reflected load impedance, and input output gain; the later of two are performed with 1 μF series resonant tuning capacitors on the primary and secondary, and a resistive load. At the time of writing, coil-to-coil efficiency of 97.7% has been measured for 50 kW power transfer.
II. SYSTEM PARAMETERS
The system parameters for the 100 kW design are specified in Table I . There is interest in developing 800 V+ vehicle systems, including wireless charging systems [1] . However most prevalent high-power semiconductors are 1200 V devices, with 1700 V devices coming to market. Therefore, our initial design targets DC-link and battery voltages of around 700 V as a near term compromise, with an eye on increasing voltage levels in the future. Our initial investigation is focused on reaching the 100 kW target to gain insight for further system level refinements. Therefore, we focus on the simplest tuning topology (series-series) 1 with matched coils. Under these constraints the required sinusoidal RMS coil currents I can be determined from the voltage specification and power requirements using the relationship
The last important system parameter to decide is the switching frequency. Higher switching frequencies allow for smaller coils but increase switching losses. It can be difficult to use IJBTs at switching frequencies above 20 kHz hence SiC devices are an attractive alternative. The current SAE standard switching frequency is 85 kHz for powers levels less than 22 kW [2] . With this consideration in mind, we chose to examine the trade-offs with respect to 22 kHz and 85 kHz switching frequencies. From knowledge of the switching frequency, power transfer requirements, and required primary and 1 Second order tuning networks result in the inverter seeing more significant higher-order harmonics [12] . However, the coil currents are still very close to sinusoidal, and we are free to use the coil current amplitude as an extra design degree of freedom. The coil design procedure outlined here can be performed in this higher dimensional space by considering a mapping between Litz wire gauge, total diameter (including insulation), and effective cross sectional area. secondary coil currents, the required system mutual inductance can be calculated from the airgap power transfer equation,
where ω = 2πf . It is assumed that the primary and secondary coil currents are 90°out of phase, so that only real power is transferred across the airgap. We aim to achieve this mutual inductance at a transfer height of ΔZ = 6 in. It can be shown that this design procedures applied to symmetric coils results in a system with the optimal loading factor γ as described in [3] for the designed airgap. This can be seen by noting that when the coil Q-factors are high γ opt ≈ k and M = kL for symmetric systems. Therefore, substitution of the previous relationships in addition to equations (4) and (13) of [3] into 2 is seen to yield a true statement.
The size of the coils required to achieve a given mutual inductance depends on the operating current density of the coil: A higher current density allows a larger amp-turn density, resulting in smaller coils. A higher current density also results in higher loss densities, so efficiency is a concern. Even if efficiency is constant, it would be necessary to dissipate a fixed amount of power over a smaller surface area. We examine two different sets of design aiming to keep the current density below 3 A/mm 2 and 6 A/mm 2 respectively. To meet the 159 A rms requirement, two 2AWG Litz wires are considered connected in parallel for an effective current density of 2.4 A/mm 2 , and a single 2AWG Litz wire is used for an effective current density of 4.8 A/mm 2 . The material 3C95 from Ferroxcube was chosen for the coil backing ferrite. The thickness of the ferrite in the coils is adjusted to keep the peak flux density around 350 mT. This is slightly below the saturation level of 400 mT at 100
• C. It should be noted that with a uniform ferrite thickness, the peak flux density only occurs in a small region of the ferrite. The effective amplitude permeability of the material at 350 mT is greater than μ r = 4000. The coil design targets are summarized in Table II. 
III. COIL DESIGN PROCEDURE
A sample quarter-model of a DD coil optimization model is shown in Fig. 1 . Symmetry and anti-symmetry boundary conditions are used to reduce the computational burden. The coil for each parameter set is optimized in several stages. First, the minimum winding window dimension W w is set to 10 times the diameter of the 2AWG wire. This minimum is chosen to allow practical of construction of the coil for which real Litz wire requires a minimum bend radius. Based on commercially available products, the Litz wire diameter is set to 0.37in. The coil aspect ratio is constrained to be square. Next, the number of turns N t is increased to the maximum number which does not increase the coil mutual inductance above the values listed in Table II . From this point, the winding window dimension is increased until the mutual inductance target is met. Finally, the ferrite thickness is scaled to meet the flux density constraint. 
IV. COIL DESIGN RESULTS
The resulting coil designs are given in Table III . Several expected trends are confirmed such as the decrease of coupling coefficient, k, and coil cross sectional area, A, with both frequency and current density. Coil inductance, L, increases with current density; this is because higher current densities permit more amp-turns per unit area, allowing a smaller coil to realize the target mutual inductance, M , which implies a higher inductance to compensate for the lower coupling coefficient, k.
The total losses, P l , were calculated from estimates of the coil resistance and ferrite losses using a combination of simulation result and data-sheet loss curves. The losses (and therefore efficiency) do not change substantially among the four designs. This is the result of winding losses decreasing with frequency (because of the smaller coils) while the ferrite core losses increase with frequency. This is a beneficial tradeoff because it is much easier to remove heat from the ferrites than the Litz wire, where the later has at least two layers of low thermal conductivity electrical insulation. Winding losses increase with current density while ferrite core losses are flat or slightly increasing, depending on the design. The overall The last column in Table III gives the peak simulated flux density on the surface of a sphere with a radius of 1 m centered on the middle of the coil, denoted B 1 m . One such sphere, for the f = 22 kHz, J = 4.8 A rms /mm 2 case is depicted in Fig. 3 . The flux density distribution varies strongly with the measurement axis. The bipolar nature of the DD-coil topology on one axis leads to a more rapid decline of the leakage fields away from the coil as the spatial harmonic number of the flux density is larger [13] . Table III reveals that increasing frequency improves the emission field amplitude while increasing current density worsens it. These values correlate positively with L and negatively with k. That is to say, higher inductances and worse coupling lead to more emissions; an intuitive result.
V. PROTOTYPE DESIGN
The prototype system has been designed to operate over transfer distances ranging from 4 inches to 6 inches. To accommodate the expected variation in mutual inductance, the nominal rating of the system must be greater than 100 kW.
Based on the selected SiC devices, the high frequency inverter was designed with a 150 kVA rating. To match, the WPT coils were designed for peak power transfer of 150 kW at a transfer distance of 5 inches. The initial system design is limited to 22 kHz, a 750 V DC-link voltage and matching battery voltage, and current rating of 222 A rms . The 2x2AWG Litz wire configuration described in the previous section was used, yielding an effective current density of 3.3 A rms /mm 2 . After an initial design was performed, a detail model of the coil was assembled to predict as accurately as possible the real coil self-and mutual-inductances. Because the coils only have 8 total turns (4 in each section) and are relatively compact, the routing of the wires through the system can have a large impact on these parameters. For example, the extra half turn appearing in the center of the coil represents a 13% increase in the square of the turns ratio: (8.5/8) 2 = 1.13. This can have a proportionally large effect on the resulting inductances.
Additionally, the construction of the coil is limited to use ferrite tiles with a fixed size of approximately 160 mm by 80 mm by 10 mm. Their discrete placement must ensure the proper mutual inductance. Two layers of tiles are required in the center of the coil to keep the ferrite flux densities at reasonable operating levels. The coil parameters are given in Table  IV . The detailed model confirms that the optimization model shown in Fig. 1 used for the trade-off study can be expected to yield realistic results despite several simplifications. One-half of the constructed transmitter/receiver coil pair is shown in Fig. 8 . The measured inductances were L = 50.89 μH and M = 22.43 μH. The slightly lower values are most likely due to an installed ΔZ of slightly greater than 5 in. Capacitors with nominal values of 1 μF were added in series to the primary and secondary coils, and a 5 Ω resistive load was added to the output of the secondary network. The input impedance and input/output voltage gain of this configuration were measured with a frequency analyzer and are shown in Fig. 9 and Fig. 10 , respectively. Based on the phase relationships, the resonant frequency was determined to be between 22.58 kHz and 22.65 kHz versus a theoretical value of 22.31 kHz based on the coil inductance and nominal capacitor values. The reflected load impedance is 1.827 Ω versus a theoretical value of 2.038 Ω based on the nominal value of resistor and measured values of the mutual inductance and resonant frequency.
At the time of writing, full power testing of the system is still in progress. Voltage and current waveforms for 50 kW operation are show in Fig. 11 . At a DC-link voltage of 430 V, an inverter duty ratio of about 0.9, and load resistance of 4.5 Ω, the coil currents are I p = 136 A rms and I s = 115 A rms . The associated input and output powers of 50.96 kW and 49.83 kW, respectively. This gives a coil-to-coil efficiency, including capacitor losses, of 97.7%. This is close to the expected performance based on simulation results given the mismatched coil currents of this operating condition. More testing is necessary to verify the performance at higher power.
VI. CONCLUSION
This paper has presented a study of the factors impact power density of high power wireless power transfer systems for electric vehicle charging. It was found that coil power density can be increased by around 2.44 times by moving from 22 kHz to 85 kHz and doubling the nominal operating coil Fig. 8 . One-half of the constructed coil pair current density with only a marginal impact on coil efficiency. A detailed model of a prototype system was simulated to consider the effects of Litz wire routing and ferrite placement on coil self-inductance, mutual-inductance, and losses. Initial testing of the prototype system revealed coil-to-coil efficiency, with capacitor losses, of 97.7% at 50 kW. 
